Introduction 13
The behaviour of foundations subjected to combined vertical (V), horizontal (H) and moment 14 (M) loading is a fundamental problem faced by geotechnical engineers (see Figure 1 for the 15 sign conventions of positive loads and associated displacements adopted in this paper). 16
Spudcan foundations for offshore mobile jack-up drilling platforms are an example of the 17 type of foundations that are often subjected to combined VHM loading conditions. For site-18 specific assessments of jack-up rigs, the bearing capacity surface under combined loading is 19 used to evaluate the stability of the spudcan foundations under design storm loading 20 (SNAME 2008; ISO 2012) . During installation and preloading, spudcans can penetrate up to 21 three diameters in soft clay (Menzies and Roper 2008) and soil can flow around the 22 advancing spudcan, embedding the footing in the backflow (Hossain et al. 2005 ; Hossain and 23 Randolph 2009a ). The backflow soil, though remoulded during the installation process, is 24 widely perceived to provide additional bearing capacity, especially for moment and 25 horizontal loading, when compared with a spudcan in stiff clay with no backflow. However, 1 the perceived benefits need to be validated and quantified before they can be used in jack-up 2 site assessment. profile. This is not realistic because the footing installation alters the strength profile 16 significantly through both the large displacement of soil and strength softening due to 17
remoulding. This has been demonstrated by, amongst others, Zhou and Randolph (2007; 18 2009), Hossain and Randolph (2009a; 2009b) and Gan et al. (2012) . The resulting effect of 19 the wished in place assumption is that the capacity of the footing is overestimated. This numerical results for a similar spudcan footing in a normally consolidated (NC) soft clay 1 (Zhang et al. 2013) . Therefore, it is the aim of this paper to use a realistic post-installation 2 soil profile in the numerical model to predict the bearing capacity of a spudcan footing 3 accurately. 4 
5
In this study, the continuous spudcan penetration process was simulated using an 6 axisymmetric large deformation finite element (LDFE) approach with a strain softening soil 7 model. The post-installation soil strength profile was then mapped onto a three-dimensional 8 mesh and the capacity of the spudcan under combined loading was subsequently calculated 9 using displacement-controlled small strain finite element (SSFE) analyses (as only small 10 displacement excursions are required to mobilise the capacity once the spudcan is installed). 11
This numerical strategy allowed the influence of spudcan installation on the bearing capacity 12 of the foundation to be quantified. 
where V ult is the ultimate capacity of the spudcan under pure vertical loading, D is theimplement updated Lagrangian calculation in each step is coded in Fortran. Two Python files 1 are written beforehand to establish the finite element model and to extract data from the result 2 files automatically. Python is the built-in script language of Abaqus (Dassault Systèmes, 3 2011). A detailed description of the method and its implementation in Abaqus can be found 4 in Wang et al. (2010a; 2010b; . For numerical efficiency the spudcan penetration was 5 simulated as an axisymmetric problem. 6 7 To consider the soil disturbance during the installation process and the subsequent impact on 8 the combined bearing capacity of the spudcan, a modified Tresca model that describes the 9 strain softening and strain rate dependent behaviour of clay under undrained conditions 10 (Einav and Randolph 2005) was incorporated into the LDFE analysis. In the model the 11 undrained shear strength of soil is reduced by accumulated plastic shear strain and enhanced 12 if the shear strain rate is higher than a reference strain rate. Though simple, the model has 13 proven useful for solving practical problems and has been used in an increasing number of 14 applications, such as spudcan penetration ( (Wang et al. 2013b ). In the current work, the rate effect was not taken into account as it has 18 been argued that the strain rate experienced by the soil in the field during spudcan penetration 19 is similar to the typical laboratory shearing rates (Hossain and Randolph 2009b ). The focus 20 therefore was placed on capturing the soil remoulding (strain softening) caused by spudcan 21 installation. 22 
23
The mathematical form of the soil model adopted is as follows (Einav and Randolph, 2005 severe with increasing soil sensitivity, which leads to numerical instability. However, given 17 the soil sensitivity is not too large, for instance S t < 5, the numerical stability can be ensured 18 as shown later. considering arbitrary relative separation and sliding between master surface (spudcan) and 6 slave surface (soil), the finite-sliding tracing approach, rather than the conventional small-7 sliding one, was adopted. A shear stress limit of 0.3s u0 was prescribed at the interface, where 8 s u0 is the intact shear strength at the current penetration depth, measured from the original 9 soil surface to the load reference point (LRP as shown in Figure 2 ) at the commencement of 10 each small step. The adopted shear stress limit is close to that measured between the caisson 11 wall and soil in the centrifuge by Chen and Randolph (2007) . It is worth noting that the 12 spudcan roughness has limited influence on the penetration resistance (Hossain and shown in Figure 4 , the influence zone of the spudcan penetration is contained horizontally 1 within 1D from the spudcan centre. This is consistent with the findings from large 2 deformation simulations using the coupled Eulerian-Lagrangian method (Hu et al. 2012 ; Tho 3 et al. 2012 ). 4 3.2 SSFE analysis of spudcan combined bearing capacity 10
After the spudcan was penetrated to the target embedment depth, the remoulded soil strength 11 profile of the LDFE mesh was mapped to a three-dimensional mesh for SSFE analyses that 12 investigate the combined bearing capacity surface. Because the post installation shear 13 strength profile is axisymmetric, a point in the three dimensional SSFE mesh has equal shear 14 strength to a point in the LDFE mesh that has the same vertical depth and radial distance 15 from the centre line of symmetry. During mapping, the corresponding position in the two-16 dimensional mesh for each integration point of the three-dimensional mesh was searched and 17 the current soil strength at three-dimensional integration point was interpolated in the 18 quadratic triangular element that contained the point. load is applied to the footing as a direct force, while horizontal and rotational displacements 3 of a fixed ratio (u/Dθ is constant during a test) are applied to the spudcan until the load state 4 does not change with any further displacement. A probe test determines a single point on the 5 VHM capacity surface. For the results in this paper, each HM cross-section of the VHM 6 surface was determined by nine probe tests and cross-sections at five different vertical load 7 levels (0, 25%, 50%, 75% and 90% of ultimate vertical load) were calculated. Together, these 8 establish the complete VHM surface. 9
10
The soil in the SSFE simulations was also considered to be a Tresca material, but because of 11 the small movements of the spudcan, strain softening was not considered. In all SSFE 12 analyses, a constant E/s u ratio of 10,000 and Poisson's ratio of 0.49 were assumed. response between the wished in place and LDFE results are due to soil displacement and 2 strain softening, which reduces the soil strength in the LDFE simulation. The failure 3 mechanism tends to be confined in the disturbed soil around the footing rather than extending 4 to the undisturbed stronger soil. Therefore, the localised flow-around mechanism forms at a 5 much shallower depth. Figure 6 shows a comparison of the soil flow mechanisms at w/D = 6 0.5. For the wished in place case, a shallow mechanism extending to the soil surface is found, 7 whereas, in the LDFE simulation, a localised flow-around mechanism is already formed. 8 (Note the spudcan geometry was the same in both analyses, though it appears shorter in the 9 right hand side plot due to the discretisation of the shaft, as shown in where N c is the steady state bearing capacity factor mobilised at depth greater than 0.5D for 12 soils with S t > 1. N c_ideal is the derived bearing capacity factor for S t = 1 and for simplicity is 13 taken as 11. Figure 7 presents the variation in the reduction factor with soil sensitivity. A 14 simple expression of S t was found to fit the data well: 15 demonstrates that the capacity of the footing was considerably over-estimated by the wished 11 in place analyses. By merely including the soil movement during spudcan installation, which 12 is the S t = 1 case, the size of the failure envelopes is significantly reduced. When strain 13 softening of the soil is considered (cases with S t > 1), the size of the failure envelopes 14 reduces further. As expected, the size of the failure envelope decreases with increasing soil 15 sensitivity. However, the influence of sensitivity reduces with increasing S t . The To illustrates the effect of embedment, the failure envelopes in the VH (M = 0) and VM (H = 8 0) planes at different embedment depths are presented in Figure 9 for the example of S t = 3. 9
With increasing embedment depth, the vertical bearing capacity factor remains approximately 10 constant. This is consistent with the LDFE results presented in Figure 5 The simplified Eq. 1 with the shape parameters c 1 and c 2 both assigned a value of unity, as 7 shown in Eq. 7, was used to fit the current numerical results. 
While m 0 was conveniently determined as M ult /DV ult , the parameters h 0 , e 1 and e 2 were 10 determined by least squares regression. The optimized h 0 values are slightly larger than 11 H ult /V ult ratios, which improves the fit at relatively shallow depths where the eccentricity of 12 the surface on HM plane is large. Table 1 summarises the best-fit parameters. The quality of 13 approximation is shown in Figure 10 for the example S t = 2.2. Figure 10 ). It can be seen that the parameter e 1 , which 2 represents the eccentricity of the HM cross-section for V = 0, decreases with embedment 3 depth, but increases with soil sensitivity. In absolute values, the parameter e 2 , which is used 4 to describe the change of eccentricity of the HM cross-section with vertical load level, shows 5 a similar trend to e 1 . 6 7 
where χ represents the ultimate tensile capacity as a proportion of the vertical compressive 4 capacity (with 0.6 fitting the experimental results in kaolin clay). The remaining parameters 5 have the same meanings as defined for Eq. 7. The eccentricity parameter e was assumed to be 6 constant for a specific embedment ratio. 7
8
The major difference between the numerically derived surface of Eq. 7 and the 9 experimentally derived surface of Eq. 8 is the assumption of tensile capacity, with the 10 numerical assumption of a fully bonded soil-foundation interface and the Tresca failure 11 criterion creating the same tensile and compressive capacities. To fit the respective results the 12 numerical surface uses an ellipse in VH and VM planes whereas the experiments were best fit 13 with a parabola. Whilst the form of equation slightly modifies the shape of the envelope, the 14 values of h 0 and m 0 determine the size of the envelope and these are compared here. Table 1 ). However, the 7 experimental formulation uses a constant eccentricity (e) at all vertical load levels; therefore e 8 represents an average value for different vertical load levels. ii)
The large displacement and strength softening due to the installation of the footing 1 significantly reduces its combined bearing capacity compared to that of a wished 2 in place foundation. As soil sensitivity increases, the capacity reduces, but at a 3 decreasing rate. The footing has approximately the same capacity in soil with S t = 4 5 as S t = 4. 5
iii)
The normalised size of the combined bearing capacity surface increases with 6 embedment while the eccentricity of the surface reduces. An analytical expression 7 is proposed that fits the bearing capacity surface at different depths well. 8
iv)
The numerical results compare favourably with the centrifuge experimental 9 results, with all the main features of the centrifuge results successfully captured. 10 11
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